Swirl Flow Bioreactor coupled with Cu-alginate beads: A system for the eradication of Coliform and Escherichia coli from biological effluents by Atkinson, S et al.
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a  b  s  t  r  a  c  t
Despite  the increasing  use of Decentralised  Waste  Water  Systems  (DEWATS)  in the developing  world,
which  effectively  dewater  sludge,  the  problem  of preventing  the pathogen-laden  water  produced  by
these systems  from  re-entering  the  food  chain  constitutes  a  continuing  burden  on  developing  countries,
which  hinders  subsequent  advancements.  We  report  on a swirl  ﬂow  reactor  generating  high  mixing  areaseywords:
opper
acteria
wirl-ﬂow
astewater
lginate
which in  conjunction  with  Cu/alginate  beads  effectively  reduces  Escherichia  coli numbers  by ﬁve orders
of  magnitude  in  10 min.  The  system  is simple,  low  cost,  portable  and  modular;  it can  be assembled  with
simple  plastic  plumbing  parts  available  in  most  areas  and,  once  further  developed,  may  represent  a useful
adjunct  for  both  existing  and  new  DEWATS  facilities.
© 2014  Elsevier  Ltd.  All  rights  reserved.. Introduction
The rapid expansion of mankind’s endeavours and prosperity
een during the industrial revolution was fuelled by the discovery of
ow to effectively separate sewerage and potable water. The result
f effective waste water treatment was the ability for large numbers
f people to co-exist in urban areas, due to the prevention of the
assive mortality and morbidity caused by pandemics of diseases
uch as Cholera and Typhoid. This also resulted in a reduction in
nfant mortality, further fuelling growth and prosperity, through
n expanding and healthy workforce [12].
Unfortunately, there are still vast areas of the planet where
umans are denied even rudimentary toilet and waste water treat-
ent facilities. For example, in Sub-Saharan Africa an estimated
9% of the rural population has no access to clean drinking water
21], and even in the African economic powerhouse of South Africa,
n estimated 5 million people, over 5% of the population, have no
irect access to clean drinking water [35].
∗ Corresponding author. Tel.: +44 1752 633454.
E-mail address: mija@pml.ac.uk (M.J. Allen).
ttp://dx.doi.org/10.1016/j.jwpe.2014.10.010
214-7144/© 2014 Elsevier Ltd. All rights reserved.Despite a worldwide reduction in infant mortality during the
last 30 years, the number of premature infant deaths in Africa has
reduced at a slower rate, with an estimated mortality rate of 101
per 1000 live births reported in Sub-Saharan Africa during 2010
[2]. Two thirds of these deaths were due to infectious diseases, and
although the increase in mortality due to Acquired Immunodeﬁ-
ciency Syndrome (AIDS) accounts for many of these deaths [19,16],
diarrheal diseases still account for up to a third of mortalities, and
up to 10.6 million infant deaths worldwide per annum [19].
Although the introduction of new rehydration regimes has
reduced mortality from diarrheal diseases in the under-ﬁves by an
estimated 66% over the last 20 years [35], the cost of associated
morbidity is vast, amounting to an estimated $6.24 per household
for every episode [3]. Thus, the subsequent socioeconomic effect of
the contamination of potable water supplies in many developing
regions is a huge contribution to the continuation of poor living
standards. While Rotavirus infection accounts for approximately
20% of cases [20,27,31], Escherichia coli and the closely related
Shigella sp. are the major causative agents of diarrheal diseases
in Africa (Adjuik et al. [2]). The increasing prevalence of entero-
toxigenic (ETEC), enteropathogenic (EPEC) and enterohemorrhagic
(EHEC) serotypes which are associated with higher infant mortali-
ties than other serotypes, and the lack of improvement in sanitation
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acilities in some areas of Africa has contributed to a slowing in the
ate of decline in infant mortality observed in this area over the last
0 years [6,23,24].
E. coli are Gram negative rod shaped bacteria, belonging to the
amma  class of the proteobacteria. They are facultative anaerobes,
apable of mixed-acid fermentation under anaerobic conditions,
nd are a ubiquitous commensal organism present in the gut of
ndothermic animals. Although most strains are non-pathogenic,
ertain virulent serotypes, such as ETEC and EPEC, have emerged in
ecent years [23,24], and the spread of their associated pathogenic
lements has accelerated due to the natural competence of the
rganisms – a feature which has facilitated their widespread use
n molecular biology and fermentation laboratories [30]. Infection
s often by the faecal–oral route, and although infection in devel-
ped countries is often due to contaminated food, contaminated
ater is still a major reservoir of infection in regions such as Africa,
here an estimated 345 million people are still unable to access
lean drinking water [2,21].
Often the large centralised approaches to sewerage treatment
mployed in the developed world are not feasible or suitable for
any rural areas in developing countries, with the logistics and
osts associated with the transport of efﬂuent to, and potable
ater from, a centralised location totally prohibitive. In such situ-
tions, innovative thinking is required, to lead to the development
f DEWATS facilities that allow the processing and sanitisation of
ewerage on a local scale.
There is much ongoing research into cheap and robust methods
f sewage treatment in rural and densely populated urban areas of
eveloping countries where infrastructure and practicalities miti-
ate against traditional waste water treatment methods. In areas
uch as Africa and the Indian subcontinent, DEWATS are increas-
ngly used as part of the solution for sewerage remediation [28,21].
hese modular systems use anaerobic digestion coupled with the
ewatering of the resultant sludge, followed by the subsequent dis-
osal of the solid content [28]. Unfortunately, there remain large
olumes of pathogen-laden water, and the release of this efﬂuent
nto the water course can constitute a considerable public health
azard [21]. Water treatment technologies suitable for use in devel-
ping countries have been reviewed previously by Loo et al. [17],
nd the technologies typically utilised in developed countries, such
s ozonation, chlorination and UV treatment, are neither cost effec-
ive nor efﬁcient for this particular waste stream, due to factors such
s high solid loading, high colour content, remoteness of location or
igh capital and running costs [34]. Thus, there is an urgent require-
ent for new systems capable of addressing both functional and
nancial problems unique to the environment of operation. Such
ystems will be required to be simple, effective, low cost and of
ppropriate scale and energy consumption.
Swirl is commonly employed in many engineering applications
n order to increase ﬂuid mixing and the heat and mass transfer
haracteristics of a process. The introduction of swirl results in
ortex structures that promote mixing and turbulence production
ue to the presence of a third velocity component tangential to the
ow, which results in additional velocity gradients. Combustion,
ixing and separation are typical applications of swirling ﬂow.
n the context of bioreactors, swirling ﬂows can be employed to
ffectively and efﬁciently promote mass transfer or to separate
ells. Copper is inhibitory or lytic to many microorganisms, at
mounts much lower than those known to be toxic to humans [18].
he antimicrobial effect of copper has been known for millennia,
nd renewed interest has recently occurred in its properties,
specially as a dry surface with antimicrobial properties, in areas
f potentially high contamination, such as hospitals and nursing
omes [13]. The use of copper or its salts in waste water treatment
s restricted by factors such as difﬁculty in dispersion and collateral
oxicity to aquatic organisms and commensal bacteria presentcess Engineering 5 (2015) 6–14 7
in the treatment systems [22]. During the following study, we
describe a laboratory scale system, producing a turbulent swirl-
type ﬂow to bring copper alginate beads (previously shown by
Thomas et al. [33] to reduce the minimum inhibitory concentration
of dendritic copper to E. coli) into contact with a simulated efﬂuent
containing E. coli, and demonstrate this as a means for the rapid dis-
infection of a contaminated water supply. We compare the results
obtained within the swirl reactor (referred to in house as a vortex
bioreactor, which generates a central vortex core with a relatively
long recirculation resulting in extensive contact between particles)
with those obtained from a 6 L fermenter (equipped with two
Rushton-type impellers with each of them generating two  counter
rotating vortices in its vicinity) as a baseline for scale up from bench
scale tests, and determine the effect of temperature, dissolved
oxygen and bacterial loading on the efﬁcacy of the system.
2. Methods
2.1. Swirl ﬂow reactor
The ﬂow reactor comprised a recirculating design and was
manufactured from 60.4 mm outside diameter (OD) and 57.4 mm
internal diameter (ID) clear polycarbonate tube with 2′′ acryloni-
trile butadiene styrene (ABS) ﬁttings. The system was of a total
length of 1300 mm,  a width of 55 cm and a working volume of 6.5 L.
The drive/pump system consisted of a four blade brass Kort nozzle
type propeller (Fig. 1, item 1 [316S, 58 mm diameter; pitch 63 mm]).
The impeller velocity was  controlled by a 450 Watt variable speed
motor (0–2400 rpm [Bosch]). The propeller induced ﬂow in a clock-
wise direction and, by adjusting its rotational speed, the ﬂow rate
and the strength of the swirl motion could be determined. Air was
added to the system via a 400 mm length of 3 mm ID stainless
steel tube, sealed at one end, with 0.5 mm holes drilled at 10 mm
intervals along the length. Dissolved Oxygen (DO) concentration in
the test media was  controlled by the ﬂow rate of air into the sys-
tem through a bespoke 316S stainless steel diffuser, via a 240 Volt
solenoid (GHL Proﬁlux, Germany) connected to a Proﬁlux 3 con-
troller (GHL Proﬁlux, Germany), which also controlled temperature
via a 300 Watt stainless steel tube heater (Hydor, Wiltshire, UK)
inserted through the sampling tube.
2.2. Flow measurement
The ﬂow in the bioreactor was  characterised by means of Particle
Image Velocimetry (PIV) which is an established optical diagnostic
method to measure ﬂuid ﬂow [25]. A schematic of the experimen-
tal set up is shown in Fig. 2a. The impeller was driven by a stepper
motor (SmartDrive Ltd., Cambridge, UK) controlled by a 52,000
microstep/revolution controller (SmartDrive Ltd., Cambridge, UK).
The speed of rotation was  varied between 0 and 1000 rpm and was
accurate to within 1% [9,15]. The reactor was  ﬁlled with pure water,
and then seeded with silver-coated hollow glass spheres (Dantec
Dynamics, Bristol, UK) with an average diameter of 10 m and a
speciﬁc gravity of 1.1 g/cm, which were used as tracers for the PIV
measurements. A vertical slice of the pipe (parallel to the pipe axis,
as shown in Fig. 2a) was  illuminated using a continuous laser of
wavelength 532 nm.  Images of the ﬂow (containing the tracers)
were then captured using a high speed camera (IDT X-3 CMOS).
Measurements were taken at four locations along the pipe: 40,
90, 160 and 220 mm downstream of the impeller. At each loca-
tion, 1000 images were acquired. These were then processed using
the JPIV software package and standard cross-correlation methods,
which resulted in 999 instantaneous velocity ﬁelds at each of the
four locations.
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aig. 1. CAD depiction of general conﬁguration of the swirl ﬂow reactor (to the left),
haft;  4: Air release valve. Aerial schematic view to the bottom right.
Four rotational speeds were studied: 239, 477, 716 and 954 rpm.
hese corresponded to 25–100 rad/s, and were the highest speeds
hich could be examined before the ﬂuid velocity became too large
o be accurately measured. The corresponding Reynolds numbers,
eﬁned as Re = ND2/ where N is the rotational speed in rev/s, D the
mpeller diameter and  the kinematic viscosity of water, ranged
rom 1.34 × 104 to 5.35 × 104 indicating that the ﬂow was  fully tur-
ulent. The impeller tip velocity, Vtip, deﬁned as ND, is a measure
f the tangential velocity imparted to the ﬂow by the impeller and
rovides an indication of the strength of the swirl. Tip velocities in
he present study varied from 0.73 m/s  (lowest impeller speed) to
.9 m/s  (highest rotational speed).
A preliminary computational study was performed to visualise
he helical nature of the swirling ﬂow generated by the impeller
sing ANSYS CFX as shown in Fig. 2b. The simulation model repli-
ated the geometry, ﬂuid properties and ﬂow conditions used in
he experiments. The ﬂow domain comprised two parts: a 40 mm
otating domain surrounding the impeller with the impeller at
ts centre, and a stationary domain, which covered the following
00 mm length of pipe, downstream of the impeller. In this manner,
he effects of the impeller rotation on the ﬂow could be examined
or various rotational speeds. The accurate simulation of turbulent
wirling ﬂows remains a signiﬁcant challenge in ﬂuid mechanics,
nd is computationally expensive. However, Fig. 2b indicates that
he relatively simple computational model presented here captures
he primary features of the ﬂow (i.e. the swirl and the axial ﬂow
enerated by the rotating impeller). Although the simulation data
s less reliable than the physical experiments, they allow the full
ow ﬁeld to be examined, including the 3D swirling nature of the
ow, which was not feasible to measure experimentally.
.3. Bead formation
Beads were prepared according to a modiﬁcation of the method
escribed by Albargouthi et al. [1]. Brieﬂy, 4% (w:v) sodium
lginate (Sigma–Aldrich, Poole, UK) was dissolved in deionised
ater by heating to 60 ◦C whilst stirring on a magnetic stirrer at
00 rpm. Once dissolved, the alginate solution was autoclaved
t 15 psi for 15 min. Following cooling to approximately 20 ◦C,
endritic copper microparticles (speciﬁc surface 1600 cm2/g,
 63 m average particle size [GMCA Ltd., Oldham, UK]) were
dded at concentrations between 1% and 4% (w:v). The particleshe drive system (to the right) circled. 1: Impeller; 2: Drive shaft stabiliser; 3: Drive
were dispersed by sonication using a VibraCell sonic probe (Sonics
and Materials, Dansbury, CT, USA) for 60 min. The mixture was
stored at 4 ◦C until further processing.
Beads were formed by the dropwise addition of alginate/copper
mixture via a 0.8 mm gauge needle into a 4 ◦C solution of CaCl2 (2.5%
w:v; Sigma–Aldrich, Poole). Once formed, beads were washed in
deionised water three times and stored in deionised water at 4 ◦C
until used.
2.4. Growth of E. coli ATCC 11775
E. coli ATCC 11775 from −80 ◦C stored stocks was inoculated into
50 mL  of sterilised Luria-Bertani (LB) broth (Sigma–Aldrich, Poole,
UK) and incubated overnight at 37 ◦C in a shaking incubator (Bibby
Scientiﬁc, Staffordshire, UK) at 150 rpm; 1 mL of this stock was
then added to 250 mL  of LB broth, which was incubated overnight
under the same conditions. The bacterial cell numbers were then
determined using the Gram staining method [29] and subsequent
enumeration using an improved Neubauer hemocytometer.
2.5. Toxicity assay procedure
All experiments were performed in the swirl ﬂow reactor
described above, whilst baseline values were obtained using a 6 L
scale Infors Minifor fermenter (Reigate, UK) which represents an
established bench-scale, well mixed reactor. All assays were per-
formed in a media containing 0.5 g/L Bacto peptone and 0.2 g/L
Yeast extract (both Sigma–Aldrich, Poole, UK). Brieﬂy, overnight
E. coli culture was added at the appropriate amount to give the
desired concentration, dependent on initial culture density (typ-
ically 30–100 mL), to 6.5 L of assay media and then added to
the swirl ﬂow reactor. The speed of rotation was  set to 956 rpm
(±20 rpm) and the temperature was  maintained at 37 ◦C for 30 min
to allow acclimation. Alginate beads (650 g) or Cu-Alginate com-
posite beads (650 g) containing copper particles at concentrations
between 0.25% and 1% (w:v) were then aseptically added giving a
ﬁnal copper concentration of between 0 and 1 mg/mL in the 6.5 L
swirl ﬂow reactor. Suspended solids were added, where appro-
priate, as insoluble cellulose (Sigma–Aldrich, Poole, UK). 1 mL of
sample was then removed at 15 min  intervals for microbial enu-
meration. Each sample was  serial diluted at 4 ◦C in 1/8 strength
Ringers solution (Fisher, Leicester, UK) and plated onto 90 mm Petri
S.F. Thomas et al. / Journal of Water Process Engineering 5 (2015) 6–14 9
Fig. 2. (a). The Particle Image Velocimetry (PIV) set up used to characterise the ﬂow
ﬁeld along the pipe and to quantify the degree of mixing and turbulence within the
reactor. (b). Computational ﬂuid dynamics (CFD) generated mean ﬂow streamlines.
The line colour denotes the magnitude of the velocity at each location: red indicates
regions where the ﬂuid velocity is largest and the swirl is strongest, while the green
region in the core of the pipe indicates that swirl and axial velocity are low. (For
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Fig. 3. Contours of mean axial velocity downstream of the impeller as measurednterpretation of the references to color in this ﬁgure legend, the reader is referred
o  the web version of this article.)
ishes containing MacConkey media number 2 (Sigma–Aldrich,
oole, UK). The Petri dishes were then incubated overnight at 37 ◦C
nd the distinctive pink colonies (indicative of E. coli) counted.
ll treatments were prepared in triplicate, and technical triplicate
eplicates also performed. The effects of dissolved oxygen (DO) on
opper-induced microbial toxicity were assessed using the same
ethods as above, in the swirl reactor, and at 6 L scale in an Infors
inifor fermenter (Reigate, UK). DO was measured via the man-
facturer’s proprietary probe and adjusted by air injection and
ariable stirring rate via the equipment’s software.
. Results
.1. Flow characteristicsFig. 2b indicates that the tangential ﬂow and the swirl are
trongest close to the impeller and tend to get weaker downstream
which is apparent from both the direction of the streamlines andby  PIV. The rotational speed was 716 rpm, corresponding to a Reynolds number of
4.01 × 104, indicating turbulent ﬂow.
their colour; i.e. the velocity magnitude). This reduction in the mag-
nitude of the swirl is likely to be caused by the friction due to the
pipe walls and the effects of the viscosity of the ﬂuid.
A typical ﬂow ﬁeld measured using PIV (acquired at 716 rpm)
is shown as contours of the mean axial velocity in Fig. 3. Negative
ﬂow velocities can be seen along the axis of the pipe (red colour)
indicating ﬂow reversal and high velocities near the pipe wall in
the vicinity of the impeller due to the strong swirl produced.
The central recirculation ﬂow region was observed for all rota-
tional speeds examined (see also Fig. 4); it is an inherent feature
of conﬁned swirling ﬂows, characterised by ﬂuid moving upstream
towards the impeller in the centre of the pipe, whereas the sur-
rounding region is characterised by forward moving ﬂuid. Hence
the ﬂow comprises two regions: a central vortex core region and
an annular region. This is clearly demonstrated in Fig. 4 that com-
pares the axial mean velocity proﬁles in two axial locations, 90 and
220 mm downstream of the impeller for all measured rotational
speeds. The velocities are normalised by the impeller tip veloc-
ity; negative velocities can be seen in the centre of the pipe and
high positive velocities near the wall. The negative velocities reach
higher magnitude further downstream of the impeller, whereas
the positive velocities are higher near the impeller. The width of
the recirculation region (i.e. the region of the pipe diameter where
u¯ < 0) does not seem to change between the two  locations and is
around 0.4 d. The present conﬁguration constitutes a fairly large
length-to-diameter swirling ﬂow and interaction between the two
ﬂow zones identiﬁed as well as with the pipe wall will result in
swirl decay as the ﬂow moves downstream the impeller.
Fig. 5 shows the instantaneous radial velocity, measured
along the pipe centreline, 90 mm downstream of the impeller at
N = 716 rpm. The signal is highly unsteady and shows large ﬂuctua-
tions indicating that the ﬂow is highly turbulent in this region and
the mixing is efﬁcient. Some periodicity is also evident in the signal
which is most likely due to the rotation of the impeller.
It is common to quantify the turbulence and mixing of the ﬂow
using the Reynolds stresses which are deﬁned as the time-averaged
product of the unsteady velocity signals. Normal and shear stresses
can be deﬁned in this manner considering the ﬂuctuations in the
axial, radial and tangential velocity signals. The normal Reynolds
stresses in the radial direction are deﬁned as u′ru′r , where u′r is the
ﬂuctuating (i.e. zero mean) component of the radial velocity sig-
nal, and the overbar indicates the product of the two  signals are
averaged. Various components of the Reynolds stresses can be cal-
culated; however, the component u′ru′r , is sufﬁcient to (a) quantify
the magnitude of the turbulence, and (b) observe how it varies along
the pipe for different impeller speed. In order to account for the
changes in the impeller speed, the stresses are normalised by the
square of the tip velocity of the impeller, V2
tip
.
Fig. 6 shows the variation in the Reynolds stresses across the
pipe diameter at various impeller speeds at two positions along
the pipe. The proﬁles in Fig. 6 a, acquired 90 mm  downstream of
the impeller, indicate that the turbulence and mixing are approx-
imately uniform across the pipe width in this region. The fact that
the magnitude of the normalised stresses is roughly the same for
each impeller speed indicates that the absolute magnitude of the
turbulence is proportional to V2
tip
. This means that the magnitude of
10 S.F. Thomas et al. / Journal of Water Process Engineering 5 (2015) 6–14
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he mixing can be controlled by the impeller speed; for example, if
equired, the mixing intensity can be increased by a factor of four,
y doubling the impeller speed.
Further downstream (Fig. 6b), a change in the distribution of
tresses can be observed for high rotational speeds, with peak val-
es exhibited on the pipe centreline. The magnitude of the stresses
re similar to those observed closer to the impeller (Fig. 6a), which
ndicates that although the swirl becomes weaker further from the
mpeller, this does not result in a signiﬁcant reduction in the turbu-
ence or mixing along the pipe. The ﬂow in the fermenter with the
ual Rushton-type impellers, is also turbulent (Re = ∼9000) with
 Vtip of 0.314; however due to the spacing of the impellers they
perate independently producing four stable vortices with no inter-
ction between the impeller streams as described by Rutherford
t al. [26]. This results in mixing to be localised in the vicinity of the
mpellers.
.2. System efﬁcacy
The fermenter was designed to promote bacterial growth,
hrough efﬁcient mixing and mass transfer, and, in order to main-
ain DO levels above 8 mg/L, the stirrer rotational speed was  above
50 rpm with the consequent initiation of a weak vortex. There
as a more rapid loss in E. coli viability using Cu-alginate beads
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ig. 5. Instantaneous velocity signal acquired along the pipe centreline, 90 mm
ownstream of the impeller, for N = 716 rpm.d axial locations (a) 90 and (b) 220 mm downstream of the impeller. Velocities are
in the swirl ﬂow reactor at 106 viable bacteria/mL, than in the
fermenter, with 95.6% of bacteria non-viable after 10 min in the
former system compared to 46.4% in the fermenter performed assay
(Fig. 7). After 15 min, no viable cells were found in the swirl ﬂow
reactor sample, whereas the chemostat samples retained between
11.4% and 1.8% viability of E. coli until the conclusion of the assay
(Fig. 7). However, the efﬁciency of the swirl reactor was  dependent
on the dissolved oxygen concentration of the media, and, when
using the Cu/alginate beads in the swirl reactor, increases in CFUs
from 6 × 106 mL  to 8.75 × 106 mL  were observed when DO con-
centrations were maintained below 0.1 mg/L after 25 min (Fig. 8).
When DO concentrations were maintained above 8 mg/L, the num-
ber of CFUs of E. coli was reduced to zero after 10 min and remained
so throughout the study. The low DO treatment did result in a
reduction in CFUs to 6.48 × 106 per mL  after 30 min, continuing to
7.5 × 104 per mL  after 45 min, and, at the end of the study, 1.8 × 104
viable E. coli remained per mL  (Fig. 8), representing a mean loss of
viability of 96.4%.
To try and assess the baseline effect of the swirl ﬂow reactor
and the durability of this technique, 1 × 106 per mL of E. coli was
added to the reactor and sampled at 10 min  intervals, for 30 min
without beads. No loss in viability was observed during this time;
in fact some growth of the culture was seen (Fig. 9). However, upon
addition of the Cu/alginate beads, a reduction in CFU/mL to 0 was
observed after 15 min, and this reduction replicated upon repeat
doses of E. coli every 30 min, until the end of the study at 150 min
(Fig. 9).
Bacterial loadings ranging from 103/mL  to 106/mL  produced a
0.85% loss in system efﬁcacy (Fig. 10). However, above this value
there was  a negative correlation between cell number and loss of
viability (r2 = 0.950). Even so, at a bacterial loading of 109/mL, 94%
of bacteria were non-viable after 15 min  (Fig. 10) and 99.997% after
30 min  (data not shown).
Using the swirl ﬂow reactor, there was a 99.7% reduction in E.
coli viability at 19 ◦C after 35 min; this ﬁgure reduced to 95% at
13 ◦C and 79% at 9 ◦C. Interestingly, the efﬁcacy of the beads was
reduced at the lower temperatures in the fermenter system, with
99.7% viability at 28 ◦C falling to 76.1% at 25 ◦C and 39% at 21 ◦C
(Fig. 11). The copper/alginate beads retained integrity during the
trial, and still retained effectiveness after 5 repeated trials.
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. Discussion
The original remit of this research was to develop a cheap and
ffective means of destroying pathogens such as E. coli from sec-
ndary efﬂuent produced from DEWATS in developing countries.
he device tested herein, referred to in our laboratory as the vor-
ex bioreactor, had to be simple to build, with parts easily available
n remote locales. The device described above was manufactured
rom plastic pipes and ﬁttings commonly found in any plumbing
upplies store, and were powered by a simple motor; in the case of
ur bacterial exposure tests this was an electric drill. The only part
hat may  be difﬁcult to obtain was the impeller, however any cen-
rifugal pump-type impeller could be adapted, and we  have already
anufactured and tested impellers produced on a Makerbot 3D
rinter.
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ig. 7. The comparative loss of viability of E. coli ATCC11775 during treatment with
opper alginate beads (Cu ﬁnal concentration 1.87 mg/mL) between a fermenter
black squares) and a swirl reactor (open diamonds). Both assays were performed at
7 ◦C with dissolved oxygen concentrations (DO) above 8 mg/L. Bars denote standard
rrors.asured (a) 90 mm and (b) 220 mm downstream of the impeller. Radial locations are
In order to generate anti-bacterial properties within the reactor
we combined the system with a Cu-alginate bead previously shown
to be bactericidal [33]. Indeed, when the beads were absent, E. coli
was shown to not only remain viable but actively grow in the run-
ning system. The introduction of beads to the swirl reactor provided
rapid and repeatable reduction in E. coli viability. We  have previ-
ously described the use of Cu alginate beads as an antimicrobial
agent [33]. However, the lysis was  more rapid in the swirl ﬂow reac-
tor than that previously observed in shaken ﬂask cultures and in a
well-mixed fermenter system (Fig. 7). During this study, the ﬂow
parameters were measured and it was apparent that the particular
characteristics of the swirl ﬂow served to increase bead/media con-
tact. The dispersion of particulate matter in turbulent vortical ﬂows
depends on both particle parameters, such as size and density, as
well as the ﬂuid properties. Very small particles like the E. coli will
follow the ﬂow faithfully; this means that they are more likely to
be entrained by the large scale vortex formed along the pipe; the
beads however are larger than E. coli and slightly heavier and tend
to accumulate in the periphery of the central vortex and are not
entrained by the vortex. The interaction of particles with vortices is
Fig. 8. The reduction of E. coli ATCC11775 CFUs during treatment with Cu alginate
beads (Cu ﬁnal concentration 1.87 mg/mL), under different oxygen concentrations
in  the swirl ﬂow reactor. Black squares denote DO < 0.1 mg/L, whilst black diamonds
indicate DO > 8 mg/L. The experiments were all performed at 37 ◦C.
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oth  experiments were performed at 37 ◦C with DO > 8 mg/L.
xpressed using the Stokes number, deﬁned as the ratio of the par-
icle response time to the ﬂow characteristic time. When the Stokes
umber is much lower than unity (Stk  1), as is the case for E. coli,
he particles follow the ﬂow streamlines and are trapped by vor-
ices, but when the Stokes is around 1 (intermediate particle sizes),
s is the case with the beads, they migrate from vortex cores and
oncentrate preferentially at the edges of the vortices [5]. This com-
ares to the fermenter with the Rushton impellers, which generates
our stable vortices, with no interaction between the two streams
rom the impellers producing more localised mixing characteristics
26].It can therefore be speculated that the different particle disper-
ion characteristics of the beads and bacteria will cause them to
ollow different paths through the system. This will enhance the
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ig. 10. The effect of increasing E. coli ATCC11775 concentration on the efﬁcacy of
he Cu/alginate beads in a swirl ﬂow reactor after 15 min. The assays were performed
t  37 ◦C with DO > 8 mg/L. Bars denote standard errors. (Cu ﬁnal concentration 1.87 mg/mL) with repeated addition of bacteria (106/mL).
probability of contact between the beads and the bacteria, and thus
increase the rate at which the E.coli are lysed.
The rate of loss in bacterial viability was also inﬂuenced by the
dissolved oxygen (DO) concentration in the ﬂuid. Even when no
bacteria were present, the DO content of the system diminished
rapidly due to pressure differences induced by the impeller [4] and
the ﬂow restriction provided from the upstream 90◦ bend causing
cavitation and consequent loss of O2. Under anoxic (DO < 0.1 mg/L)
conditions the destruction of E. coli by copper alginate took longer
than observed under oxic conditions (Fig. 8): this is consistent with
the ﬁndings of many, that the initial Cu-induced damage to bacte-
rial cells is oxidative in nature and initially cell-membrane targeted
[13,14,18,22]. In the experiment described above, the DO levels
were maintained above 8 mg/L by the addition of compressed air;
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Fig. 11. The relationship between temperature and reduction in E. coli ATCC11775
viability using Cu/alginate beads (Final Cu concentration 1.87 mg/mL) in the swirl
reactor (squares) and a fermenter (diamond) after 35 min. DO concentration was
maintained above 8 mg/L.
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owever, the use of a Venturi-type system may be more appro-
riate for further ﬁeld trials, due to the reduced energy demand.
dditionally, the copper alginate beads performed across a wider
emperature range in the swirl ﬂow reactor than in a fermenter
Fig. 11). The reasons for the positive effects of the increased tur-
ulence on loss of bacterial viability are not immediately apparent
nd require further investigation. It may  be that the increased shear
orces or cavitation imparted by the reactor impeller imparts a
ynergistic effect with the Cu/alginate beads, and that the cell mem-
rane of E. coli receives sub-lethal damage, which enables more
fﬁcient Cu2+ binding. Indeed a similar synergistic effect has been
bserved in an Ag nanoparticle-cavitation system (Dhermendra
7]), chlorination systems [8] and the effect of high shear forces on
acterial viability is well known [32]. The system provided effec-
ive reduction in E. coli viability up to a density of 106 cells/mL, but
he effectiveness of the system was negatively correlated with cell
umbers above this threshold. This is probably due to saturation
f the copper substrate in respect to the bacterium in the typical
ashion of a dose response curve.
However, the system still requires optimisation; swirling ﬂows
re particularly complex, three dimensional and depend on a num-
er of parameters, such as inlet and outlet conditions. Further work
s required to resolve the effects of the inlet conditions, swirl gen-
ration (i.e. impeller geometry), length to diameter ratio and exit
onditions. Due to optical access limitations, the planar PIV ﬂow
easurements reported in this study could not resolve the tangen-
ial velocities of the swirling ﬂow; future work with stereoscopic
IV measurements could address this issue. All ﬂow measurements
ere taken in the absence of the solid phase. However, particle
aden ﬂows are known to modulate turbulence: they can either
ncrease or decrease turbulence and hence future work should
ake into consideration the particulate phase. Such work could also
xamine the effect of bead size and density in order to vary the
ispersion characteristics of beads relative to E. coli and further
ptimise system efﬁciency. Although the beads retained integrity
nd efﬁcacy during this study, there is the need to improve their
echanical strength before this system could be used on a com-
ercial basis.
. Conclusion
This early work indicates the potential for this system for other
rocesses that require strong mixing and shear forces. Swirl ﬂow
eparators, such as hydrocyclones and voraxial separators, are well
nown in both waste water and oil water separators, and are
laimed to be a low energy solution to liquid/liquid and liquid/solid
eparation at very large volumes [11]. However, although hydro-
yclones have been used to effectively separate cells [10] to this
roup’s knowledge, such systems have never been used to effec-
ively lyse bacteria. Such systems should be scalable to local and
unicipal scales and be able to enhance such current treatment
ethods as chlorination or novel techniques such as metal ion addi-
ion. It could also be imagined that with further development and
ptimisation mixing and separation can be combined, to further
nhance the utilisation of this method.
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